A thermochromatographic device was developed which allows to study volatile species with deposition temperatures as low as 88 K.
Introduction
Thermochromatography, as a special form of gas adsorption chromatography, has found widespread applications for studying the adsorption behaviour of radionuclides and their Compounds.
Separations in temperature gradient tubes have been reported for maximum temperatures of 2400 K, e.g. Y on Ta surfaces (adsorption enthalpy -627 kJ/ mol) [1] . However, only very few measurements are reported for low temperatures. In a column kept -at the low temperature side -at 140 K the adsorption enthalpy of radon on palladium surfaces was determined to be (-37±4) kJ/mol [2] .
The investigation of the adsorption behavior of gases at low temperatures is instrumental to understand cryogenic processes like the operation of a cold trap or the interaction of gases and aerosols in the Upper atmosphere. Thermochromatography experiments at low temperatures can contribute thermochemical data, such as adsorption enthalpies, needed to describe adsorption reactions. In addition, thermochromatography allows fast Separation of radionucUdes and their Compounds. Usually short-lived radionuclides are transported from the production site (reactor, cyclo-* also at: Institut für anorg. Chemie, Universität Bern, Freiestrasse 3, CH-3012 Bern, Switzerland.
Experimental
The device Figure 1 shows a schema of the device. The temperature gradient along the column is produced by a metal tube (INCONEL 600). At one end of the tube a tubulär Oven is used to produce the maximum temperature and at the other end a liquid nitrogen cooling defmes the minimum temperature. If the INCONEL tube is in direct contact with liquid nitrogen column temperatures below 100 K may be reached (version b in Fig. 1 ). Fig. 2 depicts some examples of measured temperature proflies for a quartz column with different helium carrier gas flow rates. Düring these measurements heating and cooling were kept constant. It can be Seen that different gas flow rates produce different temperature profiles.
Düring the experiments radioactive species were introduced with the carrier gas from the heated end into the column. At the low temperature side the carrier gas passed a cooled molecular sieve filter. Typical gas flow rates were on the order of 11/min.
Columns
Quartz tubes (i.d. 4 mm) were used as columns. As stationary phases the materials listed in Table 1 where filled into these quartz columns. From the specific surface and the total mass the surface area per unit length was detemüned.
Preparation of the radioactive gases
For the investigations at low temperatures "N labelled molecules such as NO, NO2 and HNO3 and the nuclear fission rare gases Xe and Kr were used. "N was produced in the reaction A gas target of 70 mm length consisting of a mixture of 580 ml/min He and 100 ml/min O2 was bombarded at the PSI PHILIPS cyclotron by 250 nA of 14 MeV protons [4] , The gas mixture containing the reaction products was transfered through a 2 mm i.d. Polyethylene capillary over a distance of about 100 m to the thermochromatography device. The production of the different "N labelled species is described in detail in Ref. [4] : The primary product from the target Chamber was mainly H^NOa, which was presumably formed with trace amounts of water vapour in the gas. HNO3 was converted to NO using a molybdenum Converter. Behind the molybdenum Converter NO2 was produced from NO by oxidation with chromium trioxide soaked with phosphoric acid. Addition of ozone to the NO resulted in formation of HNO3, since concentrations of impurities such as H2O were high compared to the "NO concentration (10' molecules per cm^ [4] ).
The fission noble gases Xe and Kr were produced at the SAPHIR reactor gas-jet system [5] . As carrier gas 11/min He, without O2, was used.
Recording of the chromatograms via radioactivity measurements For the investigations of the fission noble gases the carrier gas was passed for two hours through the column. Then the column was removed and cut into 3 cm long pieces. The deposition peaks of '*Kr (Ti,2 -8.6 s), "'Xe = 14.1min) and "«Xe (Ty^ = 39.7 s) were determined via measurement of the yspectra of their yS-decay products ®'Sr (Tm = 9.5 h), "®Cs (r,^ = 32.2 min) and "'Ba (T^n = 1.38 h), respectively. This technique allowed to perform the ycounting without cooling since these non-volatile daughters and grand-daughters of the rare gas radionuclides remained sorbed at the surface of the column material also at room temperature. The measurement of the 3 cm long column segments was performed with a high purity Ge detector.
The carrier gas containing the NO, NO2 and HNO3 molecules to be investigated was fed into the chromatography column for 20 min. Then the column was removed from the oven system, closed at both ends and put into an open bath of liquid nitrogen to freeze the distribution of the deposited gaseous species. The measurement of the y-activity was performed with a Geiger-Müller counter using a lead collimator with a 
Results and discussion
Distributions of HNOj, NO2, and NO in the thermochromatographic columns Figures 3 and 4 show examples of measured distributions. Figs. 3a and 4a depict the temperature profiles. All plots are normalized, i.e. the sum of the measured count-rates for all 3 cm segments is 100%. Fig. 3b shows the measured distribution with the carrier gas containing the original composition of "N species behind the target Chamber in a column filled with VzOj/TiOj. Most of the activity is found at the entrance of the column which can be interpreted as an irreversible deposition of nitric acid. A minor part of the activity is found at lower temperatures. As will be discussed below, this fraction with higher volatility can most likely be attributed to NO.
A similar deposition pattem was observed with molecular sieve as stationary phase in experiments with HNO3 (i.e. behind the molybdenum Converter and adding ozone) (Fig. 4b ). Fig. 3c shows the measured distribution with pure NO (i.e. behind the molybdenum Converter) for pure TiOa. The highest peak can be attributed to NO. However, there is still a minor peak visible which can be attributed to NO2. Since the molybdenum Converter was shown to be more than 99% efficient (4) this NO2 has to be assigned to oxidation on the column surface.
In case of a poor Performance of the molybdenum Converter, all three components are visible, as exemplified in Fig. 3d for a VaOj/TiOz filled column. If the carrier gas containing all reaction products is fed into column filled with quartz powder, the products HNO3 and NO2 are observed whereas NO is absent (Fig. 4d) . This highly volatile molecule can not be deposited under these conditions and is found in the following molecular sieve trap cooled with liquid nitrogen. The same result is found for an empty quartz column (Fig. 4e) .
The method used in this work for the determination of the activity distributions led to an unrealistic broadening of the peak shapes. Therefore, in the following only the peak maxima wiU be discussed. They were converted to adsorption temperatures using the temperature pattem depicted in Figs. 3a and 4a. Number of column segment Number of column Segment at higher temperatures. In this column filled with VaOj/TiOj no decay products of ^'Kr were found. Number of column Segment Determination of adsorption enthalpies and intercomparison with literature data Fig. 6 shows the relationship between the experimentally determined deposition temperatures T^ for NO, NO2 and HNO3 in the columns used and the parameter AEi*{x), which is described in [3] and includes experimental parameters as well as the adsorption entropy:
with ^ = duration of the experiment (retention time) Vq = gas flow rate g = temperature gradient along the column a = surface area of the column per unit length ASa = adsorption entropy To = Standard temperature (273.15 K) R = gas constant.
Mobile adsorption was assumed which allows to calculate AS, [3] : 
with T, -maximum temperature in the column AHa = adsorption enthalpy. The experimentally determined AEi* values for a given species form for each column type a set of data which are grouped in the two dimensional plot (different symbols in Fig. 6 ).
Given by the minimum temperature and the gas flow rate in the thermochromatography apparatus for each column type a lower limit of tiie adsorption enthalpy is defined by Eq. (3). For the columns and the retention times used in this work the minimum detectable adsorption enthalpies are summarized in Table 2 .
The calculated lower limits were confirmed experimentally. As an example, in empty quartz columns or in columns filled with non-porous materials NO was not deposited at the minimum temperatures achieved in this work. The same holds for Kr.
In all investigations non-deposited species (e.g. "NN) were adsorbed in the molecular sieve traps cooled with liquid nitrogen and were also measured [4] .
For an estimate of the adsorption enthalpies the following empirical correlation was applied, which can be used for (non-strongly selective chemical) sorption of non-basic oxides and hydroxides on quartz surfaces [6] Table 3 summarizes the calculated adsorption enthalpies obtained with Eq. (4) using Uterature values of the Sublimation enthalpies [7] . Table 4 summarizes adsorption enthalpies of NO, NO2 and HNO3 from the literature and from this work. The assignment to isosteric, differential or integral adsorption enthalpy is made according to the corresponding references .
Under the actual experimental conditions of the thermochromatography experiment, not the adsorption of the investigated species on the clear column surface was studied, but the co-adsorption of nitrogen oxides or fission noble gases with other components and impurities (e.g. H2O, CO2) of the carrier gas. The rather high gas flow velocities -which are mandatory for a fast transport of short-lived nuclides -might, however, influence the deposition process. Especially at low temperatures with low diffusion velocities it can not entirely be excluded that kinetic effects might prevent a füll adsorption equiUbration. In helium the diffusion coefficients decrease by approximately one Order of magnitude if the temperature is lowered from room temperature to 100 K [9] . Hence, the measured deposition temperatures in open tubes and in loosely packed tubes could yield too low adsorption enthalpies. The thermochromatography does not allow to determine adsorption enthalpies on the basis of mere thermodynamic relationships [3] . The analysis is based on the assumption of an adsorption model which also includes a prediction of the adsorption entropy. Hence, only approximations of the adsorption enthalpy can be obtained. The result is a differential molar adsorption enthalpy under zero coverage. The values obtained can be compared with isosteric and differential adsorption enthalpies at zero coverage, obtained with other, conventional techniques. Comparison with integral adsorption enthalpies at very low coverage is also possible. For higher coverages isosteric and differential adsorption enthalpies can only be compared if the coverages are the same. This is especially important for nitrogen oxides which tend to associate (e.g. 2 NO2 <-> N2O4).
The large scatter of the existing literature data only allows to define an approximate differentiation of the Remarks: vo: Volumetrie; ma: manometric; gr: gravimetric; gc: gas Chromatographie; tc: thermochromatographic; tpd: temperature programmed desorption; ra: radiometrie; A/B: A supported on B.
adsorption propeities as a function of the nature of the solid surfaces. It can be assumed that dimerization, disproportionation, surface oxidation and other irreversible processes strongly influence the experimental results.
On the adsorbent materials SiOz, mordenites, molsieve, graphite, MgO and AI2O3 the molecule NO seems to be similarly adsorbed. Our experimental thermochromatographic data for "NO on graphite and molecular sieve 5 A fit weil to this group.
Within the transition metal oxides increasing adsorption enthalpies are observed from TiOj to CuO. This indicates increasing chemical interaction of NO with the solid surface (possibly nitrosyl formation). Strengest adsorption is found for surfaces of mixed Oxides with spinel structiire [30, 37] , Our results for the adsorption of NO on TiOz and VjOs/TiOz catalytic materials are similar to literature values for the adsorption of NO on Single transition metal oxides. When VzOs/TiOz was pretreated with ammonia a higher adsorption enthalpy for NO was found compared to untreated material. Possible reasons might be a modification of the chemisorption as well as a blocking of certain adsorption sites [4] ,
The studies with NO2 were performed at a concentration level which did not allow formation of N2O4. However, most literature data for NO2 Sorption were made at temperatures where formation of N2O4 can be assumed [38, 39] . The scarce number of literature data does not allow a systematic Interpretation with respect to different adsorbents.
It is surprising that for some materials the literature values for the adsorption enthalpies of NO are higher than for NO2. This is in contrast to gas Chromatographie studies [42] which clearly show that NO has lower deposition temperatures, and thus should be more volatile than NO2, as expected on the basis of the corresponding Sublimation enthalpies (see Table 6 ). Even if adsorption of N2O4 is assumed the dissociation of this molecule should not lower the adsorption enthalpy to values as low as 10 kJ/mol, as e.g. pubUshed for NO2 on mordenite (see Table 4 ).
Gaseous nitric acid can be studied chromatographically on pure quartz surfaces only. On all other materials used in this work, irreversible adsorption with e.g. nitrate formation or decomposition occurred.
The investigation of the Sorption behaviour of noble gases was made for calibration purposes. In general, only small variations of the adsorption enthalpies are found for different Sorption materials. On the basis of the Sublimation enthalpies (Table 6 ), for NO and Xe similar adsorption enthalpies are expected. The deposition of Xe defmes physisorption. The rather similar experimental adsorption enthalpies for NO and Xe show that chemical interactions of NO with the oxides is of minor importance.
Calculation of thermochromatographic deposition zones using a Monte Carlo model
In Order to achieve a better understanding on how the experimental conditions influence the formation of a deposition zone, a suitable model for gas-solid thermochromatography in open columns must be applied. However, severe difficulties are encountered in attempting to derive the zone shape analytically. Therefore, a microscopic model describing the erratic downstream migration of a gaseous species through an open column with a negative longitudinal temperature 10 11 12 13 14 15 16 Number of column segment Fig. 7 , Deposition zones of HNO3 and NO2 in an empty thermochromatographic column (data points) and the calculated distribution using a Monte Carlo model (line) at a carrier gas flow rate of 600 ml/min and adsorption enthalpies of -55kJ/mol and -30kJ/mol for HNO3 and NO2, respectively; (length of column segment: 3 cm; A: relative part of the total activity in the column^ gradient is required. Since an exact model, simulating the vast number of adsorption-desorption cycles followed by intermittent displacements of each species, requires far too much Computer time, the physical picture of these migrations must be simplified. Such a model was developed by Zvara [43] , The many adsorption-desorption cycles that result in a negligible longitudinal displacement of the species are combined in an adsorption residence event followed by an effective displacement. All parameters for the probability density distributions in the model have been adjusted so that the model adequately reflects the retention of the species in the system. This microscopic model has the advantage that it can accommodate the exact, measured temperature profiles as well as high carrier gas flow rates.
We have applied this model to reproduce the observed deposition zones in the experiment depicted in Fig. 4e . The total activity in the colunm is distributed between H'^NOa (30%) and "NO2 (70%). The resuh of the Monte Carlo model calculation is shown in Fig. 7 . Adsorption enthalpies of -55 kJ/mol and -30 kJ/mol were used for H^NOj and "NO2, respectively. The deposition zones that resuh for H^NOj and "NO2 contain each the statistics of 10000 simulated molecules. The agreement between calculated and observed deposition zones is excellent. In addition, the calculation revealed that all of the "NO (assuming an adsorption enthalphy of -20 kJ/mol) and also about 43% of the "NO2 molecules pass through the column without being deposited. The reason for this behavior is, that the end of the column is not cold enough to allow the deposition of all the molecules. Since the calculated deposition zones react very sensitive to changes in temperature in the coldest section of the colunm, small deviations from the measured temperature profile in the actual experiment may explain why the data point in segment 11 of the "NO2 deposition zone was not reproduced very well in the model calculation. 
Conclusions
Thermochromatography with carrier-free radionuclides can be used to study the adsorption behaviour for temperatures as low as 88 K. This corresponds to adsorption enthalpies of about 19 kJ/mol. This allows applications in analytical as well as in preparative radiochemistry. Physico-chemical measurements allow investigations of gaseous species on solid surfaces at zero coverage. This method is applicable e.g. to heterogeneous catalysis with radiolabelled Compounds.
The basic assumptions made and the model used for the interpretation of the data allow a prediction of the adsorption behaviour of species with even lower adsorption enthalpies.
Thus a preparative Separation of Kr and Xe should be possible in a thermochromatographic column filled with molsieve.
